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Abstract: Protein-based drugs have been developed to treat a variety of conditions and assays
use immobilized capture proteins for disease detection. Freeze-drying is currently the standard
for the preservation of proteins, but this method is expensive and requires lengthy processing
times. Anhydrous preservation in a trehalose amorphous solid matrix offers a promising
alternative to freeze-drying. Light assisted drying (LAD) is a processing method to create an
amorphous trehalose matrix. Proteins suspended in a trehalose solution are dehydrated using
near-infrared laser light. The laser radiation accelerates drying and as water is removed the
trehalose forms a protective matrix. In this work, LAD samples are characterized to determine the
crystallization kinetics of the trehalose after LAD processing and the distribution of amorphous
trehalose in the samples. These characteristics influence the long-term stability of the samples.
Polarized light imaging revealed that LAD processed samples are stable against crystallization
during low-humidity storage at room temperature. Scanning white light interferometry and
Raman spectroscopy indicated that trehalose was present across samples in an amorphous form.
In addition, differential scanning microcalorimetry was used to measure the thermodynamic
characteristics of the protein lysozyme after LAD processing. These results demonstrate that
LAD does not change the properties of this protein.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The use of protein-based therapeutics and diagnostics has increased dramatically over the past
25 years. Protein-based drugs have been developed to treat diseases ranging from arthritis to
psoriasis [1,2]. Laboratory based assays use high-throughput 96-well microtiter plates that
contain immobilized capture proteins for the detection of diseases and for monitoring protein
levels [3,4]. Protein-based assays have also been developed for rapid, point-of-care diagnostics
and newly developed microfluidic devices require the use of protein indicators [5].
A challenge in the development of protein-based products is maintaining the protein in the

folded state during processing and storage, as the three-dimensional structure of the protein is
often responsible for its functional activity. The most common method of stabilizing proteins for
storage and later use is lyophilization (freeze drying). However, the freeze-drying process remains
expensive and requires lengthy processing times. In addition, many proteins that are lyophilized
still must be refrigerated or frozen to maintain functionality [6–9]. Cold storage strategies can be
challenging for the transportation of protein-based products and can be difficult or impossible in
low resource settings due to a lack of available infrastructure. An inexpensive, simple processing
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method that enables supra-zero temperature storage of proteins used in therapeutics and assays is
needed.
Recent research has demonstrated that anhydrous, or dry state, preservation in a trehalose

amorphous (non-crystalline) solidmatrixmay be an alternative to freeze drying for the preservation
of biological samples [10–12]. An amorphous solid restricts molecular motion to a small volume
over a finite time period, which can prevent the degradation of biologics, such as proteins,
embedded in the matrix. An amorphous solid is a non-crystalline solid in which the atoms and
molecules are organized such that there is no long-range order. The regular lattice of a crystalline
solid can damage embedded biologics, limiting the usefulness of these solids as preservation
matrices. Disaccharide trehalose can form an amorphous solid at room temperature and can
also act as a bioprotectant, making trehalose an attractive option as a preservation matrix for
embedded biologics [10].
We have previously described a new processing technique, light assisted drying (LAD), to

create trehalose amorphous solids for the preservation of biologics [13]. LAD uses illumination
by near-infrared laser light to assist in the formation of trehalose amorphous solids. Static
air-drying of sugar solutions is dominated by evaporative cooling which causes the drying rate
to slow substantially and allows for crystallization of the sugars. LAD selectively heats water
to overcome cooling due to evaporation and speeds dehydration of the samples. As water is
removed from the sample, the remaining sugars and salts become concentrated, and, as long
as the solutes do not crystallize, the viscosity increases with progressive water loss until an
amorphous solid is achieved. Because a substantial reduction of molecular mobility is necessary
to ensure an extended shelf life, samples generally need to be stored below the glass transition
temperature, Tg, of the trehalose matrix to prevent degradation [14]. Below Tg the trehalose
maintains its amorphous state. The glass transition temperature for an amorphous trehalose solid
formed by dehydration depends on the amount of water remaining in the sample after processing.
The more water that remains in the sample, the lower the glass transition temperature. Lower end
moisture contents (EMC’s) are necessary for storage at higher temperatures.

Other researchers have devised ways to form trehalose amorphous solids for use as preservation
matrices. These include drying in controlled humidity desiccators, [15] the use of high flow
nitrogen gas for convective drying [16] and microwave-assisted drying [17]. LAD has the benefit
of being able to deliver more precise amounts of energy to each sample than these other methods.
Precise control over energy deposition means precise control over EMC which dictates sample
storage temperature. In addition, LAD could be used for inline processing of assays or drugs.

Our previous work has demonstrated the effectiveness of LAD to reach EMCs low enough for
storage at elevated temperatures in the glassy state and determined the optimal LAD processing
parameters for achieving these EMCs [13]. In this work, we characterize sample morphology,
crystal formation and the distribution of the glass forming matrix in small volume samples
processed via LAD. In addition, the effect of LAD processing on the thermodynamic properties
of the model protein lysozyme are assessed. Lysozyme was chosen as a test protein for these
studies because it is widely available, easy to work with and its structure and thermal properties
are well understood.
Polarized light imaging (PLI) was used to locate areas of crystallization and monitor crystal-

lization kinetics of samples during storage in a low relative humidity (RH= 14%) environment
[18]. Understanding the crystallization characteristics of samples is important because localized
areas of crystallization can act as nucleation points and cause of crystallization of a sample.
Crystallization can lead to physical stress on biologics embedded in the matrix [19]. Scanning
white light interferometry (SWLI) was used to measure sample thickness and surface morphology
after LAD processing and after long term (∼1 month) storage at low RH. Variations in thickness
across the sample may indicate an uneven distribution of the trehalose preservation matrix which
could impact the overall functionality of embedded proteins. Raman spectroscopy was used
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in conjunction with SWLI to investigate trehalose distribution across LAD processed samples
and to determine if the trehalose was in an amorphous state across the sample. In addition, we
have measured the thermodynamic properties of a model protein, lysozyme, immediately after
LAD processing using Differential Scanning Calorimetry (DSC). Changes in the thermodynamic
properties could indicate that LAD is damaging the protein during processing either thermally or
through direct interaction between the laser light and protein.

2. Methods

2.1. LAD processing, sample solution, and sample storage

A schematic of the experimental setup is shown in Fig. 1. An IPG Photonics continuous wave
(CW) ytterbium fiber laser at 1064 nm (YLR-5-1064) was used for LAD processing. The source
had a maximum power output of 5 W with built in control of power. The laser emits a collimated,
single-mode, Gaussian beam with a full width at half maximum (FWHM) spot size of ∼4.5 mm
which was measured using a BeamTrack 10A-PPS thermal sensor (Ophir Photonics). A FLIR
SC655 infrared (IR) camera was used to record the temperature of samples during all processing.
Thermal imaging provides a method to noninvasively monitor the sample temperature during
processing. The camera (sensitive from 7.5 to 14 microns) has an array of 640× 480 pixels
and a maximum frame rate of 200 fps. All studies were performed in a humidity-controlled
environment that was kept at approximately 11% relative humidity (RH). This was achieved
by pumping dry air into a chamber containing the experimental setup as shown in Fig. 1 and
monitoring the RH with a temperature and RH logger (ONSET UX100-011).

Fig. 1. Experimental set-up of the light-assisted drying (LAD) technique within a controlled
low relative humidity chamber. A small volume sample is illuminated with a near-IR laser.
The temperature of the sample is monitored during processing using the thermal camera
(Ref. [13], Fig. 1).

All samples in the studies consisted of 40 µl droplets containing a model protein, egg
white lysozyme (Worthington Biochemical LS002933), dissolved in drying solution (DS) at a
concentration of 0.5mg/ml. This was verified using the absorption of light at 280 nm with a
microplate spectrophotometer (Bio-Tek Synergy HT). The DS consisted of 0.2M disaccharide
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trehalose in 0.33 x phosphate buffer solution (PBS) [[20]]. The dry weight of the DS was
determined through bake out method to be 7.01% the mass of a sample. Dry weight was adjusted
to include the mass of the protein based on its concentration to determine the total dry weight.
For each test, a 40 µL droplet of the protein/drying solution was deposited onto a substrate

and the initial mass was determined gravimetrically using a balance (RADWAG AS 82/220.R2)
accurate to 0.01mg. The substrates used in these studies were 18mm diameter borosilicate glass
coverslips (Fisherbrand 12-546). The glass cover slips allow for easy recovery and rehydration of
the proteins after LAD processing. On the glass coverslips, the samples were droplets roughly
2mm in thickness with a diameter of approximately 7mm. A fiducial was marked on the edge
of the coverslip to ensure consistent orientation for imaging conducted during this study. The
sample was then moved into the humidity chamber for laser irradiation. Samples were processed
for 60 minutes at 5 W (26.9 W/cm2). The maximum temperature of the sample was monitored
during processing using the thermal camera. Samples reached a maximum sample temperature
of 44.4± 0.7 °C during LAD processing. The ambient temperature of the chamber (∼23°C) was
kept constant during processing. After irradiation, the sample was removed from the humidity
chamber and immediately massed again. End moisture content (EMC), which is a measure of the
amount of water relative to the dry mass of a sample, was calculated as:

EMC =
mf − ms − mdw

mdw
(1)

where mf is the mass of the final sample including the mass of the substrate, ms, and mdw is
the calculated dry weight of the initial sample. All samples in this study were processed to an
average EMC of 0.17 ± 0.04 gH2O/gDryWeight (consistent with our previously reported EMC’s
for 60 minutes of processing with the 1064-nm laser [13]).

For comparison, 40 µL samples of the same solution were air-dried by placing the samples in
the humidity-controlled chamber (∼11% RH) for 60 minutes. The EMC’s for these samples were
calculated using Eq. 1 in the same manner as used for the LAD processed samples. Air-dried
samples had an average EMC of 5.11 ± 1.3 gH2O/gDryWeight after processing. Air drying for
60 minutes did not result in the formation of an amorphous or crystalline trehalose solid.
After processing (LAD or air drying), all samples were stored individually in small volume

containers above a saturated salt solution of lithium chloride (LiCl) (ChemCenter). The RH of
the LiCl saturated salt was 14.3± 0.5% RH (measured with an RH probe HH314A, Omega).
Samples were stored at room temperature (∼23°C).

2.2. Polarized light imaging

The PLI experimental set-up (Fig. 2) consisted of a white light fiber optic illuminator (41720,
Cole Palmer), two linear polarizers (LPVISE050-A, Thorlabs), with the second polarizer acting
as an analyzer, and a digital camera (Nikon D100) aligned in the vertical direction. The camera
was equipped with a Nikon 28-105mm f/3.5-4.5 lens and manually focused on the image plane.
The spatial resolution of the set-up was 10 µm/pixel. LAD samples (N= 8) and air dried samples
(N= 4) were processed as described in Sec. 2.1. Immediately after processing, samples were
placed on a glass microscope slide in between the polarizers and imaged from above. Two images
were taken: the first with the analyzer oriented at 0° to the polarizer and the second with the
analyzer oriented at 90° to the polarizer. After initial imaging, the samples were then placed in
containers above a LiCl (14.3± 0.5% RH) saturated salt solution for storage. Samples were then
imaged and massed (to monitor crystal formation and EMC) every 30 minutes for the first two
hours in storage, then every hour for the next 2 to 5 hours and once a day until the end of the
study.
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Fig. 2. Polarized light imaging set-up. Samples were placed on a borosilicate glass coverslip
between the polarizer and analyzer and then imaged from above.

2.3. Scanning white light interferometry

Sample thickness was measured with a Zygo Nexview Scanning White Light Interferometer
(SWLI) with a 2.75X Michelson objective (spatial resolution: 5.88 µm/pixel). Samples (N= 7)
were LAD processed (as described in Sec. 2.1) and stored in containers above a LiCl (14.3± 0.5%
RH) saturated salt solution. Sample surface profiles were measured after one day of storage and
then again after 27 days of storage. EMC was measured just prior to all SWLI measurements.
The data was exported into Matlab and HDFView for further processing. In Matlab transverse
height was displayed as a color map across the sample, the average maximum height of the
sample was calculated, and two diagonal cross sections were extracted. The HFView software
was used to extract non-interferometric images.

2.4. Raman spectroscopy

Raman spectroscopy was used to measure the Raman shift of trehalose across LAD processed
samples. A schematic of the Raman spectroscopy set-up is shown in Fig. 3. The excitation source
was a 785 nm laser diode (BeamQ) with a power output of 200 mW. The beam passed through a
100 µm pinhole and 785 notch filter to spatially and spectrally refine the beam. The beam was
then expanded and collimated before entering an IX70 inverted microscope (Olympus). A 100X
oil immersion objective was used to focus the light onto the sample. Raman signal from the
sample was then collected back into the objective lens, directed into a spectrometer (SR-303i-B,
Andor) and collected with a CCD camera (DU420A-BR-DD, Andor). The spectral resolution of
the system was 0.28 nm/pixel. The center wavelength of the spectra was set to 855.36 nm to
exclude the laser line from the spectra. Data was collected at an exposure time of 5 seconds and
60 accumulations to achieve maximum signal to noise.

Samples (N= 5) were LAD processed and stored in containers above a LiCl (14.3± 0.5% RH)
saturated salt solution as described in Sec. 2.1. After one day of storage EMC was measured and
SWLI was performed as described in Sec. 2.3. The following day the Raman spectra were taken
at three separate locations across each sample. Each spectrum was background corrected and
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Fig. 3. Raman spectroscopy set-up. The laser beam passes through a) a lens system with
a 100 µm pinhole to clean up the intensity profile followed by a b) 785 nm notch filter to
spectrally clean up the beam and then an c) expander into the microscope. The Raman
signal from the sample exits the microscope and passes through an d) edge filter to remove
the excitation wavelength. Then it goes through a e) beam expander and collimator before
passing through a f) focusing lens into the spectrometer.

baseline corrected to remove the signal from the coverslip using Andor Solis software. Corrected
spectra were exported to Matlab where they were smoothed and normalized to their maximum.

2.5. Differential scanning calorimetry

A MicroCal VP-DSC microcalorimeter (MicroCal, Northampton,MA) was used to assess the
effect of LAD processing on the thermal stability of the protein lysozyme. For comparison, four
samples of lysozyme were tested for unfolding using DSC. Unprocessed lysozyme was used as a
control and LAD processed lysozyme was used to determine if laser irradiation caused unfolding
of the protein. Air dried samples and samples subjected to a 43°C water bath (the approximate
maximum temperature of samples during LAD processing) were also include for comparison.

LAD and air-dried samples were prepared as described in Sec. 2.1 The LAD processed (N= 2)
and air-dried (N= 2) samples were rehydrated with deionized water after desiccation for DSC
measurement. The resulting concentration due to dilution for all samples was 0.20mg/ml of
lysozyme in 0.085M trehalose and 0.14X PBS. The concentration of the solutions after dilution
was measured using a BioTek Synergy HT Microplate reader (BioTek instruments, Winooski,
VT). The 43°C water bath (N= 3) samples were 0.20mg/ml lysozyme in 0.085M trehalose and
0.14X PBS. These samples were placed in a test tube then submerged in a water bath at 43°C
for 1 hour. This temperature was similar to the temperatures that samples reached during LAD
processing.
DSC baseline repeatability was established with a minimum of 5 reference solution scans

(0.085M trehalose in 0.14X PBS). Once a stable baseline was established, the samples containing
lysozyme were loaded by syringe into the calorimeter. All scans were carried out at a scan rate of
90°C/hr from 10°C to 90°C with a 15 minute pre-scan equilibration time. The data was analyzed
using Origin software provided by MicroCal to determine the midpoint temperature of transition,
Tm, and the calorimetric enthalpy of unfolding, ∆H.
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3. Results and discussion

3.1. Polarized light imaging: crystallization and end moisture content of samples as a
function of storage time

Crystallization occurs as water evaporates from a sugar solution. As the water evaporates the
solution saturates and forms a precipitate in the form of a sugar crystal [21]. In order for this
to happen the evaporation has to be slow enough that the sugar has time to align itself into
its crystalline pattern. The goal of LAD is to speed up evaporation enough so that this does
not occur; however, some crystallization may result during processing or form over time as the
amorphous solid relaxes. The EMC and crystallization of samples were measured as a function
of time. Samples were processed using LAD, the EMC was measured post-processing and then
samples were placed in containers at low RH (14.3± 0.5%) and stored at room temperature as
described in Sec. 2.1. Air dried samples were stored in the same manner and evaluated for
comparison. Figure 4 shows the change in EMC as a function of storage time for LAD processed
and air dried samples. We also imaged samples without lysozyme present in the solution. There
was no change in the crystal growth in these samples compared to samples containing lysozyme.

Fig. 4. EMC as a function of storage time for air dried (A1-A4:) and LAD (1-8) processed
samples stored at 14.3± 0.5% RH.

A slight decrease in EMC is evident for the LAD processed samples during storage. After
approximately 100 hours of storage, LAD processed samples approached their moisture loss
limit. All air dried samples showed a significant decrease in moisture content with the highest
evaporation rate occurring during the first 3 hours of storage and reached a moisture loss limit
after 10 hours. This is not surprising, as these samples had large water content at the beginning
of storage. The air dried samples lost moisture through slow evaporation during low humidity
storage. The EMC of the LAD processed samples did not change much over the course of storage
as they were already very dry when they were placed in the low humidity storage containers.
PLI images were acquired of LAD processed and air dried samples and analyzed in Matlab

(R2017B). Each polarized image (image taken with crossed polarizers) was changed to a grayscale
intensity image. A threshold intensity for each image was established by finding the average
maximum value of intensity of an area outside the sample plus two standard deviations. All
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pixels with intensities below the threshold value were zeroed. Crystal area was then measured
by the number of pixels with intensity higher than zero in the crossed polarizer image. This
measurement was used to determine crystal growth within a sample over time. This was a relative
measurement for each sample, not an absolute measurement of crystal area from sample to
sample. It is important to note that measured crystal area might include noise from dust and
particulates that also polarized light, however this signal was present in all successive images and
did not factor into the determination of crystal growth. Figure 5 is an example of the images
obtained. Panel a) shows the white light image of the sample and b) the corresponding crossed
polarizer image after Matlab processing. The white area is crystallization present in the sample.

Fig. 5. Time progression of samples stored in LiCl saturated salt low RH containers. The
blue circle indicates the sample (7mm diameter), the surrounding area is the coverslip. a)
Samples imaged through uncrossed polarizers and b) samples imaged with cross polarizers
and processed in Matlab for crystal area measurement. The white area is crystallization
present in the sample.

Figure 6 shows the crystal growth as a function of storage time for LAD processed and air
dried samples. There is a distinct difference in behavior between the air dried and LAD processed
samples. Air dried samples exhibited a significant increase of crystallized area during the first
10 hours of storage, corresponding to the time during which air dried samples experienced an
decrease in moisture content. Air dried samples reached a moisture loss limit after 10 hours
corresponding to the time at which crystal growth stopped. Again, this result is not surprising.
These sample had large moisture content at the beginning of storage and lost moisture through
evaporation during low humidity storage. This process resulted in crystallization, as expected. On
the other hand, LAD processed samples had low crystal content after processing and experienced
negligible crystal growth during storage. One LAD sample (8) contained an uncharacteristically
large amount of crystallization (>3000 pixels) post LAD followed by an increase in crystal area.
Sample 8’s uncharacteristically large initial crystal could have been caused by a particulate in the
sample acting as a seed for crystallization.
LAD processed samples remained in the amorphous state when stored at room temperature

and low RH. Air-dried samples did reach EMC’s comparable to the LAD samples during storage.
However, the air dried samples crystalized during drying and storage, while the LAD samples
did not experience significant crystal growth.
Imaging of samples revealed other effects in addition to crystallization - wrinkling, and

desiccation cracking. Wrinkling of the samples (see Fig. 5(a) for ts = 0 hr) only occurred when
samples were removed from low RH environments and placed into the higher RH of the room.
When placed back in low RH wrinkling dissipated quickly. This likely resulted from a change in
volume at the surface of the sample [22]. The samples mass distribution reached equilibrium
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Fig. 6. Crystal area as a function of storage time for air dried (A1-A4) and LAD (1-8)
processed samples stored at 14.3± 0.5% RH.

while being processed at a low RH. When placed in a higher RH the surface absorbed moisture
from the air causing it to superficially swell. The interior of the sample, which was contact
pinned to the substrate, was no longer in equilibrium with the surface resulting in wrinkling.
LAD processed samples require storage at low RH to prevent the absorption of moisture into the
outer layers of the droplet.
Desiccation cracking was observed after storage at low RH (see Fig. 5(a) for ts = 26 days).

The average storage time for desiccation cracking to begin for LAD processed samples was
ts=324± 159 hours. Cracking was observed beginning on the edge of the drop. This exterior to
interior crack formation indicates that a viscous ring was forming on the edge of the droplet and
moving inward as the sample continued to dry during low RH storage. The viscous sample at the
substrate interface allowed for adhesion while the air interface allowed for evaporation, when
these processes competed tensile stresses caused cracks to form [23]. This is in agreement with
studies done on cracking of sessile droplets by other groups [24,25]. A flexible substrate could
limit or eliminate the desiccation cracking and will be tried in future studies.

3.2. Scanning white light interferometry: surface profiles and thicknesses of LAD
processed samples

SWLI was used to characterize the topography and thickness of LAD processed samples. Figure 7
shows a color map of sample height. Two cross sections are marked by red and black dashed
lines and their corresponding profiles are displayed. The slope of the edges of the samples was
outside the range of measurement capable by the Nexview, these areas display as zero height.
The coverslip height shown on the edges of the profile was used as the base of the sample and
subtracted from sample height to obtain thickness.
The average maximum thickness of LAD processed samples one day after low RH storage

was 90.81± 6.53 microns with an EMC of 0.16± 0.04 gH2O/gDryWeight. The average decrease
in maximum sample thickness after 27 days of low RH storage was 8.65± 1.71 microns
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Fig. 7. a) Color map of the height across sample as determine with SWLI, blue and red
dashed lines are b) associated cross sections height profiles.

corresponding to a decrease in EMC of 0.04± 0.02 gH2O/gDryWeight. There was no statistically
significant relationship between a decrease in EMC and a decrease in sample height, most likely
because the changes were on such a small scale. We also imaged samples without lysozyme
present in the solution. There was no change in thickness or overall morphology of these samples
compared with samples containing the protein.

Profiles taken from all samples indicate that there is variability in thickness across the sample.
A majority of samples exhibited a dome shape profile with the thickest part of the sample lying
slightly off center. A few samples also showed a slight off center dip in the profile. The shape of
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Fig. 8. LAD processed sample after 27 days of storage at 14.3± 0.5% RH. a) The non-
interferometric image and b) the SWLI height map with corresponding c) height profiles.

the profile did not change during storage just the overall thickness. The off center nature could be
from variability of the position of the laser on the sample during processing.
SWLI was also used to determine whether cracking after low RH storage was occurring on

the sample/coverslip or sample/air interface. Figure 8 shows a comparison of a SWLI color
map, non-interferometric image, and corresponding profiles for a cracked sample. We see in
the non-interferometric image that the cracks extend all the way across the sample; however,
they do not show up on the height profile. This implies the cracks must be subsurface, on the
sample/coverslip interface. This is supported by the fact that we can see white light interference
fringes in Fig. 8(a) from the thin air gap that is forming from delamination. Delamination could
potentially comprise sample integrity. These results indicate that a different substrate (perhaps
more flexible) might be needed to prevent cracking.

3.3. Raman spectroscopy: distribution of amorphous trehalose in LAD processed
samples

Crystalline trehalose has very well defined, narrow bands while the amorphous bands are
broadened (see Fig. 9). Because crystals possess long-range translational symmetry they have
quantized lattice vibrations, and this limits the number of Raman active vibrational modes. The
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amorphous form does not have spatial order so vibrational modes are not limited by lattice
vibrations. This means that all the vibrational modes are sampled resulting in band broadening
[26].

Fig. 9. Raman spectra of a) crystalline trehalose and b) amorphous trehalose acquired with
the Raman system described in Sec. 2.4.

Spectra were acquired at three transverse locations across a LAD sample to measure the
relative distribution of trehalose across the sample. This was coupled with SWLI of the same
sample to determine the relationship between thickness and trehalose distribution. Figure 10 is a
SWLI cross section of a sample with the Raman spectra locations marked and the corresponding
spectra at each location. First, we note that the Raman spectrum for trehalose is present at each
location indicating that the sugar is distributed across the sample. We also see that the trehalose
at each location is in the amorphous state and not crystalline. Comparing each sample set of
spectra to the corresponding thickness measurement yielded no relationship. No lines from
lysozyme are apparent in the Raman spectra with the excitation source used in this study. We
obtained Raman spectroscopy of samples without lysosome in the solution. There was no change
in the Raman spectrum of trehalose after the addition of the lysozyme to the samples.

3.4. DSC: the effect of LAD processing on the thermal stability of lysozyme

The calorimetric curves of the four samples described in Sect. 2.4 were obtained using DSC. The
data was normalized based on the concentration of lysozyme. Figure 11 shows representative
calorimetric curves of the samples and the derived thermodynamic properties are given in Table 1.
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Fig. 10. A SWLI height profile on the left is marked with three locations that correspond to
the normalized Raman spectra on the right.

The percent difference for Tm and ∆H as compared to the unprocessed lysozyme are included
in Table 1. The changes in Tm and ∆H when compared to the unprocessed control sample are
negligible for LAD processing, as well as thermal processing at 43°C and air drying. At the
LAD processing temperatures used in this study, no thermal degradation of the lysozyme protein
was expected. There was a possibility that the laser radiation could interact with the protein
directly and cause unfolding. However, this does not seem to be the case. LAD did not cause any
unexpected degradation of lysozyme in the samples. This finding is consistent with our previous
study in which the functionality of lysozyme after LAD processing was measured using an assay
measuring the rate of lysis of Micrococcus lysodeikticus cells. [13]
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Fig. 11. Calorimetric curves of LAD processed, unprocessed, air dried and thermal
processed lysozyme.

Table 1. Thermodynamic parameters for lysozyme as determined with DSC

Tm (°C) Change in Tma ∆H (kcal/mol) Change in ∆Ha

Unprocessed (N= 3) 73.20± 0.06 — 116± 1.9 —

Air Dried (N= 2) 73.29± 0.01 −0.12% 106± 2.5 8.6%

43°C Water Bath (N= 3) 73.18± 0.02 0.03% 112± 0.8 3.4%

LAD (N= 2) 73.19± 0.02 0.01% 108± 1.5 6.9%

aChange in thermodynamic parameters compared to the control (unprocessed) sample.

4. Conclusions

This study optically characterized samples processed with LAD using a 1064 nm laser at a
maximum processing temperature of ∼42°C on borosilicate glass coverslips. We used polarized
light imaging to monitor crystallization kinetics of samples immediately post LAD processing
and during storage at low RH (14.3± 0.5%). LAD processed samples exhibited low initial crystal
content. LAD samples experienced a small decrease in EMC when stored at low RH, but did not
show the formation of new crystals or growth of crystals during storage. The results of the optical
characterization study suggest that LAD processed samples stored at low RH are unlikely to
crystallize over a long time scale. Cracking of the samples was discovered near the end of storage.
We investigated this cracking with SWLI and determined that it occurred subsurface, likely
due to the droplet pulling away from the glass substrate. The use of a more flexible substrate
might prevent the cracking. We also used SWLI to show that thickness did not vary substantially
across the sample; this has positive implications for solute distribution. Raman spectroscopy
showed that there was an even distribution of amorphous trehalose across the sample. SWLI and
Raman results imply that samples do have an even distribution of the preservation matrix in an
amorphous state which means proteins are more likely to be evenly distributed in their folded
state. Finally, we processed a model protein, lysozyme, with the LAD and tested the thermal
stability of the processed protein with DSC. The proteins did not show a significant degradation
in thermodynamic properties compared to an unprocessed control.
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LAD is a more attractive option for anhydrous preservation of proteins compared to lyophiliza-
tion and other preservation techniques because it is cost effective, relatively fast, can monitor
sample temperature during processing and has precise control over energy deposition. In addition,
dried samples can be easily rehydrated and recovered from the substrate via pipette. Additional
studies still need to be performed to further test the limits of LAD. For example, larger volume
samples could be processed using a different laser power, beam size or wavelength as long as
the laser radiation could penetrate deeply into the sample to guarantee uniform heating and
drying. Future studies would benefit from knowing the spatial EMC to determine a more specific
storage temperature range. Along the same lines, only overall average protein functionality was
investigated because of the destructive nature of the DSC technique. The spatial distribution and
functionality of proteins needs to be determined to further optimize LAD processing. Alternate
proteins that are less robust also need to be tested to better understand the effect of LAD on
proteins and if the processing temperature is universally applicable to most proteins or if it needs
to be optimized on an individual basis. For proteins that denature at lower temperatures, the LAD
process can be altered (change in laser power, beam size etc.) to reduce the temperature of the
sample during LAD processing. This is an advantage of LAD compared to other stabilization
techniques – the process can be easily tuned to appropriate processing conditions for a variety of
biologics.
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